Purpose To compare ablation boundary sharpness after percutaneous radiofrequency ablation (RFA), cryoablation (CA), microwave ablation (MWA) and irreversible electroporation (IRE) ablation in normal swine liver and kidney. Materials and Methods Percutaneous CT-guided RFA (n = 5), CA (n = 5), MWA (n = 5) and IRE (n = 5) were performed in the liver and kidney of four Yorkshire pigs. Parameters were chosen to produce ablations 2-3 cm in diameter with a single ablation probe. Contrast-enhanced CT imaging was performed 24 h after ablation, and animals were killed. Treated organs were removed and processed for histologic analysis with hematoxylin and eosin, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). Three readers independently analyzed CT, H&E and TUNEL stained images of the ablation boundary to delineate regions of (1) viable cells, (2) complete necrosis or (3) mixture of viable and necrotic cells which was defined as the transition zone (TZ). The width of TZ was compared across the techniques and organs.
Introduction
In current practice, image-guided tissue ablations are extended into radiographically normal parenchyma surrounding tumor in order to completely encompass the tumor within the treatment zone for optimal treatment efficacy [1] [2] [3] [4] [5] [6] . Without surgically resected tissues that can be interrogated to confirm complete tumor eradication, sufficient ablation margins are considered essential to destroy malignant cells that may have infiltrated into the healthy parenchyma and may not be radiographically apparent [7] . An ablation margin of 5 mm or greater has been associated with improved local tumor control [6, 8, 9] .
Following image-guided ablation procedures, evaluation of the region of cytotoxic treatment zone and the ablation margin is typically assessed with post-treatment contrast-enhanced CT imaging [9, 10] . Ablated tissue does not enhance after intravenous contrast injection and is therefore assumed to be successfully treated and undergoing necrosis. Transition to viable tissue often appears sharply demarcated and sometimes is circumscribed by an enhancing rim [11] . This enhancing rim may represent tissue that has been transiently injured but is expected to recover viability [10] .
All ablation techniques are predicated on delivery of nonionizing energy into tissues using ablation applicators [12, 13] . Energy dissipates with increasing distance from the applicator [14] . Therefore, the probability of cell death within the tissue receiving treatment can be non-uniform depending on the ablation technique or relevant properties of the ablated tissue. We hypothesize that there may exist a transition zone (TZ) that mixes viable and necrotic tissue at the ablation boundary [14] [15] [16] , which may vary in thickness among the techniques used. The goal of this study was therefore to examine and compare ablation boundary sharpness after percutaneous radiofrequency ablation (RFA), cryoablation (CA), microwave ablation (MWA) and irreversible electroporation (IRE) ablation in normal swine liver and kidney.
Materials and Methods

Experimental Design
Each ablation technique was evaluated with treatment parameters commonly used in human patients to produce an ablation zone of 2-3 cm in diameter (10-14 cm 3 in volume) of healthy tissue using a single ablation applicator. Each ablation technique was evaluated in duplicate (kidney) or triplicate (liver) in a single animal.
Animal Model
This study was approved by the Institutional Animal Care and Use Committee, and animals were housed in an Association for Assessment and Accreditation of Laboratory Animal Care accredited facility. Four male Yorkshire pigs (3-4 months old; weight range, 50-70 kg) from one supplier (Archer Farms, Darlington, Maryland) underwent percutaneous CT-guided RFA, CA, MWA and IRE. Animals were induced and maintained on continuous inhaled isoflurane during the procedures according to a protocol detailed in [17] . A neuromuscular paralytic, rocuronium (0.7-0.12 mg/kg), was administered before delivering IRE pulses. Euthanasia was performed with an intravenous injection of pentobarbital sodium (87 mg/kg) and phenytoin sodium (11 mg/kg) (Euthasol; Virbac AH, Fort Worth, TX) 24 h after ablation.
Ablation Protocol
Following induction of anesthesia, the overlying skin was shaved and prepared with iodine, and a total of 20 percutaneous ablations were performed in the 4 swine (5 ablations per animal) under CT-fluoroscopic guidance. Percutaneous CT-guided RFA (n = 5), CA (n = 5), MWA (n = 5) and IRE (n = 5), ablations were performed in the liver (3 ablations) and in one kidney (2 ablations). Treatment sites were selected based on CT images obtained at the time of procedure, with a minimum spacing of 2-3 cm between ablation zones. Ablation techniques are summarized in Table 1 . Only a single device was introduced for each ablation in order to standardize the protocol and facilitate the procedure. For each technique, energy delivery settings were based on manufacturer recommendations.
CT Imaging
Non-contrast and dual-phase (30 and 90 s) contrast-enhanced CT images (Light Speed RTLS; GE Healthcare, Milwaukee, WI) were acquired to assess size of the ablation at 24 h with the following parameters: tube voltage: 120 kVp, current: automatic, rotation time: 0.8 s, pitch: 1.375, slice thickness: 1.25 mm and matrix: 360 9 360. The readers evaluated qualitatively the sharpness of the boundaries of ablation, corresponding to the transition from the ablation zone to contrast-enhancing tissue outside of the ablation zone. A two-dimensional region of interest including only the low-density areas of ablation zone was drawn, and the quantitative value in Hounsfield units was recorded for each ablation.
Histopathologic Analysis
Twenty-four hours after ablation, organs were removed en bloc. If ablation applicator insertion tracts were identified on superficial organ examination, organs were sectioned parallel to the tracts. When they could not be identified, the organ was sectioned grossly at 3-5-mm intervals. The largest intact cross section of the ablation zone along with surrounding normal tissue was identified on gross examination and used for histology processing. Representative sections were fixed in 10% neutral buffered formalin solution, embedded in paraffin, sectioned at 4 lm thickness, and stained with hematoxylin and eosin (H&E), and terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL). Stained slides were scanned under high resolution at 29, 109 and 409 magnifications.
Assessment of Sharpness of Ablative Margins
Three independent investigators performed an evaluation of CT images, H&E and TUNEL staining scans. Ablations on CT images appeared as nonenhancing regions. Length and width of the ablation as well as CT density within the ablation zone were recorded. H&E was used only to assess evidence of inflammation within the margins [18] . TUNEL is a common method for detecting DNA fragmentation and can definitively identify non-viable cells at 24 h [19] . The region at the ablation boundary where both viable and necrotic cells are present was labeled the transition zone (TZ) [15] . Transition zones were defined as regions where TUNEL staining decreased from [99% of cells to \5% (Fig. 1) . The width of the TZ was measured at 30°incre-ments covering the entire perimeter of the ablation boundary, yielding 12 measurements per ablation.
Statistical Analysis
All data were collected, and image analyses were performed using Pannoramic Viewer (3DHistech Ltd, Budapest, Hungary). Each reader's measurements were used as average values were used for comparison. The width of transition zone was compared using the t test. p \ 0.05 was considered to indicate statistically significant.
Results
Ablation Boundaries on CT Imaging Demonstrate Sharp Transition to Viable Tissue Independent of the Ablation Technique
Figure 2 reveals similar areas of CT hypodensity within the ablation zones for each ablation technique 24 h after the procedure. A sharp transition to contrast-enhancing tissue outside of the ablation zone was observed in all cases. No peripheral increased density was observed. Some differences were noted in CT appearance of the ablation zone dependent on the technique used. CT Hounsfield attenuation was lower after IRE and CA ( Fig. 2A, C) within the ablation zone. RFA boundaries appeared more lobulated (Fig. 2B) . This was observed with all techniques evaluated in this study. The range of ablation size (maximum diameter) measured by CT scan after the procedures is reported in Table 2 .
Transition Zone of MWA is Sharper Than RFA, CA and IRE in Both Liver and Kidney
The ablation sites were analyzed grossly after each procedure. After IRE, grossly sectioned specimens showed areas of hemorrhagic change with relatively intact hepatic or renal morphology. Each hepatic lobule or renal glomeruli were visible and intact throughout the ablation area. The vessels, bile ducts and tubules appeared intact without apparent structural destruction. After RFA and MWA, a zone of cautery adjacent to the probe tract was observed with complete obliteration of the tissue architecture in the center of the area of coagulative necrosis. Other findings such as coagulative necrosis, congestion and edema after RFA, MWA and CA were morphologically similar to the lesions seen after IRE.
After staining by H&E, stained sections showed areas of extensive cell death after treatment. No viable cells were detected within the ablated area. The thermal ablation created three zones: (1) central focus with hemorrhage and necrosis, which corresponds to the peri-applicator region; (2) a mid-zone of coagulative-type cell death; and (3) peripheral zone of lobular cell death (in liver only). Complete cell death was achieved throughout all three zones with mostly sharp boundary separating the ablated and non-ablated neighboring cells. No inflammation was observed within the ablation, and insignificant presence of inflammatory cells was noted at the boundary.
Gross examination and H&E stain histological analysis were performed in relation to TUNEL staining. TUNEL stains demonstrate DNA fragmentation within all the ablation zones in liver (Fig. 3) and kidney (Fig. 4) . RFA and MWA appeared sometimes to have reduced staining at the center of ablation which may be related to a possible cell destruction from heating as reported previously [20] . However, TUNEL demonstrates that the sharpness of the margins differed among the techniques. After IRE and RFA, the margins appeared lobular while more uniform after CA and MWA. The width of this marginal transition zone mixing healthy and necrotic tissues present at the boundaries of the ablation differed among the techniques (Table 3 ; Fig. 5 ). In liver, MWA revealed the most narrowed radial zones of combined viable and non-viable tissues with a width significantly shorter than CA (p = 0.01), RFA and IRE (both p \ 0.001). A significant difference was also observed after CA compared to IRE (p \ 0.001) and RFA (p = 0.006). This width was larger after IRE than after RFA (p = 0.005). In kidneys, the width after MWA was significantly shorter than CA, RFA and IRE (all p \ 0.001). A significant difference was also observed after CA compared to IRE (p \ 0.001) and RFA (p = 0.009). This width was larger after IRE than RFA (p \ 0.001). Regardless of ablation technique, no significant differences were observed in terms of TZ width between liver and kidneys.
Discussion
Under similar conditions, the ablation boundary sharpness 24 h after IRE, RFA, MWA or CA differed on pathology while CT imaging features remained consistently similar. These findings can be taken into account for treatment planning and intraprocedural technique as ablation margin has been shown to correlate with local treatment success [7] [8] [9] . Fig. 1 Quantitative evaluation of the transition zone (TZ) after renal cryoablation TUNEL stains nuclei with fragmenting DNA brown, while viable nuclei appear blue. The central zone of the ablation is completely non-viable and necrotic. Measurement of the TZ was performed every 30°radius. The center of the measured radius (arrow) corresponds to the cryoablation applicator track, and a computer-generated protractor overlies the scanned slide We evaluated the cell viability transition zone width after multiple thermal (RFA, MW and CA) and non-thermal (IRE) ablative techniques. This metric indicates whether the radially oriented shift between ablated tissue and the surrounding non-ablated tissue is abrupt or not [21] . The innermost aspect of the transition zone where cells are no longer viable on TUNEL after 24 h histologically might represent a conservative boundary of oncologically effective treatment [22, 23] . When operators intend to perform a complete tumor ablation, there should be no viable malignant cells beyond the outermost aspect of the transition zone. CA and MWA showed narrow and sharp margins while other technique had larger and more diffuse transition zones. For physicians performing tumor ablation, these results suggest that relatively wider margins for a similar tumor ablation may be necessary to achieve complete tumor killing with RFA or IRE compared to CA or MWA. This may be a contributing factor to the higher local tumor progression rates after RFA when compared to MWA for similarly sized tumors [24] . Further studies are necessary to validate this hypothesis by correlating the width of TZ with the commonly adopted follow-up and results prediction methods in percutaneous ablation of solid tumors in liver and kidney, such as the size of tumors and margins for instance [8, 25] .
Although operators could consider enlarging the size of their ablation when considering single-probe IRE or RFA to limit the risk of partial ablation based on our findings, the risk of damage to surrounding healthy tissues or organs may increase. Non-target ablation complications may be avoided by the use of thermal monitoring or adjunctive thermal protection such as hydrodissection or carbodissection [26] . 5-mm margin increases the total volume of ablation by a factor of 2 when treating tumors 2-3 cm in size. In kidney, where the preservation of renal function is essential [5, 27] , shortening the width of the ablative margins may help to spare glomeruli. Regardless of the ablation technique used, tissues appeared thoroughly necrotic within the ablation zones and clearly demarcated from the background parenchyma as reported previously [28, 29] . Size measurements on CT were closely correlated with pathologically determined ablation zone size [30, 31] . However, various degrees of congestion and hemorrhage changes were observed after ablation [32] . Our study showed RFA and IRE created irregular lesion boundaries, which varied in width according to techniques used and tissue ablated. Our study confirmed that CT scan imaging may be inadequate for accurate estimation of tumor ablation boundaries within 24 h. While a complete ablation creates different zones of contrast attenuation on CT imaging and changing over time [21, 30, 33, 34] , it is not possible to identify specific imaging features of ablative boundaries whatever the technique used at 24 h. The inner nonenhancing zone corresponding to a coagulative necrosis was always seen. However, the well-defined progressive internal enhancement zone described 48 h after IRE [33] was not clearly seen as CT imaging was performed after injection only. The CT Hounsfield attenuation was lower after IRE (and CA), which may reflect this observation. The outer ill-defined arterial enhancement zone with rapid washout on CT perfusion images was not observed at 24 h. This inconsistent periablational hyperemia corresponding to a transient regular rim at the margin of the ablation zone [35] and related later to the presence of inflammatory cells [33] has been reported but is not specific of a technique and may occur more lately [11, 30] . This study is limited by its experimental design and the small number of ablation performed. Only one technical setting was used per technique. The techniques tested in this study work in a different fashion. The differences recorded between the different modalities might increase or decrease by varying energy output or eventually time of ablation. Further evaluations are mandatory to test this hypothesis. The transition zone of the heat-dependent ablations may depend on the radial temperature gradient, and its width may thus vary with different instrument settings. Similarly, the quantitative outcome of the ablations might be evaluated against a theoretical background such as proposed by the bioheat transfer model which establishes relation of ablation and energy delivery to the tissue or energy dissipation in the tissue after thermal ablations [14, 36] . Manipulations of the instrument settings may help to understand the factors important for a therapeutic ablation. Another limitation is the short follow-up; however, TUNEL can definitively identify non-viable cells even at 24 h [19] . Further explorations are necessary to evaluate the effect of varying treatment settings. The bipolar IRE probe that was used has been purposefully discontinued, and its effectiveness has been questioned clinically. However, in our study, similar findings than those observed after IRE using probe pairs were demonstrated on pathology [31, [37] [38] [39] . Moreover, we observed similar outcomes compared to the literature that came out recently demonstrating the feasibility of monopolar IRE with grounding pads [40, 41] . In summary, the width of the transition zone containing mixed non-viable and viable cells at ablation boundaries varies after RFA, CA, MWA or IRE, in equivalent conditions. For a similar tumor size, operators should consider to enlarge their ablation when planning to use RFA or IRE compared to CA or MWA. These findings may help to better select a technique over another and to improve treatment planning while limiting the risks of partial ablation.
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